The ability to accurately measure the length of nanotubes is important to understanding nanotube growth and cutting processes. To date, there have been few methods available to obtain a statistically significant length measurement of any nanotube sample due to difficulties in obtaining a complete suspension of individuals and the tedious nature of measuring 1000+ nanotubes. Here we describe a relatively simple method that functionalizes single-walled carbon nanotubes to achieve a high propensity of individuals in chloroform as high as 92%. This suspension can be dispersed on mica substrates for AFM analysis. Nanotube lengths and heights can be determined using the Nanotube Length Analysis module of SIMAGIS yielding an accurate measure of length and height distribution of a large population of the nanotube sample.
nanotube applications such as field-effect transistors 3 or biological imaging may require individual short nanotubes. To achieve these short lengths, SWNTs can be cut through a variety of processes [4] [5] [6] [7] . A key step to understanding nanotube growth and cutting processes is the accurate measurement of the nanotube length.
While some progress has been made with in-situ techniques [8] [9] [10] , these approaches typically only give an average length and no information about the distribution. Direct imaging techniques are more tedious but typically give more information. Of these imaging approaches, AFM appears to be the most useful technique 4, 11 . However, accurate measurements require two key steps: (i) suspension of the individual nanotubes in a solvent for dispersion onto a substrate and (ii) the length measurement of a statistically significant number of nanotubes. Many prior reports have utilized AFM as a means of measuring the length distribution but rarely have more than 100 nanotubes in their population. This stems from the difficulties in achieving the suspension of individual nanotubes and the tedious nature of measuring the length of 1000+ nanotubes.
Here we describe a simple and efficient means of measuring a large population of nanotube lengths.
The first key step to length measurement analysis is the suspension of the nanotubes. A multitude of functionalization chemistries have been developed to solubilize single-walled nanotubes 12, 13 . Many of these approaches, however, involve significant processing and/or give few individual nanotubes and a large portion of small bundles. The use of surfactants followed by centrifugation 14, 15 yield a significant amount of individuals but does not give an accurate representation of the sample since the solution is decanted from the solids. Extensive and intense sonication may also seriously distort lengths due to sonication induced cutting of nanotubes.
The recent development of Billups chemistry on nanotube sidewalls have significantly aided the dispersion of nanotubes 16, 17 . This approach is a relatively simple reaction that requires placing the nanotubes in liquid ammonia. The addition of the lithium is found to intercalate the nanotube ropes allowing the efficient reaction of the alkyl chains to the nanotube sidewall. Typically, the degree of functionalization achieved is approximately 1 chain per 20 -30 C atoms 16 . After functionalization, complete suspension of the nanotubes is achieved. For length analysis, dilute solutions on the order of 0.1 mg/mL are used to obtain the correct surface coverage for image analysis.
These suspensions can then be spin-coated onto freshly cleaved mica substrates after brief, mild sonication (~1 min) yielding a high quantity of individual nanotubes as seen in the AFM (Digital Instruments Nanoscope IIIA) image shown in Figure 1a . As can be seen in the images and discussed further below, most of the nanotubes exist as individuals.
The second critical step is the measurement of a large population of nanotubes to achieve statistically meaningful lengths. The lack of a method that yielded high quantities of individuals often precluded the analysis of a significant number of nanotubes. These low yields would have required numerous AFM images to be collected to obtain statistically significant length measurements. The high yield of the Billups reaction allows the measurement of 1000+ nanotubes by the collection of a handful of images. To eliminate the tedious nature of manually measuring 1000+ nanotubes, the lengths are measured using the Nanotube Length Analysis module of the SIMAGIS (Smart Imaging Technologies, Houston, Texas) software package. This new software package has the capability of automatically analyzing multiple AFM images to obtain statistically accurate length and height (diameter) measurements of the nanotubes contained in the sample as well as particle and SWNT rope populations. In less than 1
minute, the software can analyze a single AFM image and extract the relevant length and height information for analysis.
As can be seen in Figure 1b In order to achieve accurate measurements and minimize user input, quality AFM images are required. Poor image quality can have drastic effects on the quality of the nanotube traces. For example, images that have a 'grainy' background will often yield ghost nanotubes. Other common AFM image artefacts will also yield false nanotube traces. The resolution of the image will affect the smallest length of nanotubes that can be accurately measured. Therefore, all AFM images should be taken at the maximum resolution at a scan size capable of visualizing both the longest and shortest nanotubes in the sample. In addition, it is important to achieve the appropriate surface coverage. Although numerous adjustments were made to the image with moderate surface coverage ( Fig. 6b and 6c) , the errors encountered changed the final measured length by less than 10%. This is not true for higher surface coverage images ( Fig. 6e and 6f ) which can change by 30% or more. Interestingly, the distribution does not change significantly after the manual adjustments. However, the tail of the distribution has considerably more long nanotubes suggesting that it is more difficult to measure the longest nanotubes. These nanotubes will have considerable overlap leading to erroneous nanotube traces.
Therefore, shorter nanotube samples typically give more accurate results with minimal need for manual adjustments. To keep the user input to a minimum, a moderate surface coverage is the optimal choice. It maximizes the ability of the software to differentiate between overlapping nanotubes while being able to get significant statistics with a bare minimum of AFM images and user intervention. Percentage Height/Diameter (nm)
